Background. Azithromycin exposure has been reported to increase the risk of QT prolongation and cardiovascular death. However, findings on the association between azithromycin and cardiovascular death are controversial, and azithromycin is still used in actual practice. Additionally, quantitative assessments of risk have not been performed, including the risk of QT prolongation when patients are exposed to azithromycin in a real-world clinical setting. Therefore, in this study, we aimed to evaluate the risk of exposure to azithromycin on QT prolongation in a real-world clinical setting using a 21-year medical history database of a tertiary medical institution. Methods. We analyzed the electrocardiogram results and relevant electronic health records of 402,607 subjects in a tertiary teaching hospital in Korea from 1996 to 2015. To evaluate the risk of QT prolongation of azithromycin, we conducted a case-control analysis using amoxicillin for comparison. Multiple logistic regression analysis was performed to correct for age, sex, accompanying drugs, and disease. Results. The odds ratio (OR) for QT prolongation (QTc>450 ms in male and >460 ms in female) on azithromycin exposure was 1.40 (95% confidence interval [CI], 1.23-1.59), and the OR for severe QT prolongation (QTc>500 ms) was 1.43 (95% CI, 1.13-1.82). On the other hand, the ORs on exposure to amoxicillin were 1.06 (95% CI, 0.97-1.15) and 0.88 (95% CI, 0.70-1.09). In a subgroup analysis, the risk of QT prolongation in patients aged between 60 and 80 years was significantly higher when they are exposed to azithromycin. Conclusions. The risk of QT prolongation was increased when patients, particularly the elderly aged 60-79 years, were exposed to azithromycin. Therefore, clinicians should pay exercise caution using azithromycin or consider using other antibiotics, such as amoxicillin, instead of azithromycin.
Introduction
Azithromycin is a macrolide antibiotic that is widely used to treat various infectious diseases such as respiratory and urinary tract infections. Several studies have reported the association between azithromycin and QT prolongation [1] [2] [3] . Consequently, the US Food and Drug Administration has added a warning to the drug insert. As QT prolongation can lead to a life-threatening arrhythmia, known as torsade de pointes, the drugs that cause QT prolongation have strictly been controlled. In a previous study, torsade de pointes was reported in about 1% of patients with QT prolongation after exposure to azithromycin [4] . The risk factors for torsade de pointes are female sex, older age, heart disease, exposure to other QT interval prolonging drugs or metabolic inhibitors, hypokalemia, and bradycardia [5] . Associations between azithromycin and other serious arrhythmias (e.g., ventricular tachycardia, ventricular fibrillation, ventricular flutter, or cardiac arrest) have also been reported [6] .
However, many conflicting results suggesting that azithromycin exposure does not concern cardiovascular events have been reported [7] [8] [9] [10] [11] [12] [13] . QT prolongation was primarily observed only in patients with a high baseline risk (e.g., preexisting cardiovascular conditions or concomitant use of other QT-prolonging drugs) [13] . In another study, no significant association was found between azithromycin and cardiovascular death in young and middle-aged adults [10] . Despite the conflicting results, azithromycin is still largely used in real-world clinical settings [14] . Although the risks of QT prolongation and cardiovascular events need to be considered, azithromycin is recommended because it is highly 2 BioMed Research International effective for infection control and has relatively few other side effects [1, 15, 16] .
Most of the existing studies were conducted in a small dataset or were meta-analyses reanalyzing the results from other studies. Although associations have been suggested, quantitative assessments of risk, including the risk of QT prolongation, when patients are exposed to azithromycin have not been performed in a real-world clinical setting.
Therefore, the aim of this study was to evaluate the risk and risk factors of QT prolongation after exposure to azithromycin using a 21-year medical record database and electrocardiogram (ECG) test results from a tertiary teaching hospital. First, we assessed the odds ratio (OR) of azithromycin use in patients who experienced QT prolongation in a real-world clinical setting. Second, subgroup analysis was performed to determine risk factors causing QT prolongation on azithromycin exposure.
Methods
This retrospective study was conducted based on electronic health records (EHRs QTc values from the same observational period were extracted from the local ECG repository in the MUSE6 system. The ECG report typically contains both alphanumeric values and waveform graphs. The QTc data were extracted by parsing alphanumeric data from the PDF data extracted from the ECG repository by web-scraping technique [17] .
. . Study Design and Population. We designed a case-control study to compare variations in use of medications, comorbidities, and laboratory test results among patients who had QT prolongation to those who did not (Figure 1 ). QT prolongation was defined as QTc (calculated using the Bazett formula) greater than 450 ms for males and 460 ms for females [18] . Severe QT prolongation was defined as QTc>500 ms in both males and females.
With regard to the selection of study participants, we identified 816,421 subjects who underwent ECG from January 1996 to May 2015. We excluded those with the following that rendered ECG or EHR information unclear: (1) duplicated dates of ECG measurement (n=94); (2) two or more consecutive ECG measurements within a day because of the possibility of obtaining an abnormal value several times to fit the normal or the possibility of reversing the lead for other clinical reasons (n=132,102); (3) unclear age (n=358); and (4) zero QT value (n=17). Of the 683,850 subjects, we identified 83,901 QT prolongation cases and 599,948 controls. Additionally, we excluded those without laboratory test data such as serum potassium and calcium levels within 1 year before the ECG examination date. Overall, 62,007 QT prolongation cases and 340,600 controls were enrolled (comparison 1). To evaluate the association with severe QT prolongation, 9,353 cases and 393,254 controls were enrolled (comparison 2).
. . Definition of Covariates. We assessed known or potential factors for the risk of QT prolongation. Demographic factors included sex and age at the ECG examination date. Comorbidities were included by reviewing medical records a year before the ECG measurement date based on the International Classification Disease-10. These comorbidities were myocardial infarction, congestive heart failure, ischemic stroke, hemorrhagic stroke, diabetes mellitus, hypothyroidism, renal disease, AIDS/HIV, alcohol abuse, drug abuse, liver disease, and severe liver disease. For laboratory data, we included the latest serum potassium and calcium levels within a year before the ECG measurement date. Based on previous studies, we included the use of medications known to affect QT prolongation. We identified whether there was any exposure of the medications within 7 days before the ECG measurement date. The types of medications and comorbidities are shown in Tables S1 and S2.
. . Statistical Analysis. We calculated the distribution of the patient characteristics, laboratory test results, comorbidity, and medication use for the QT prolongation cases and controls from 1995 to 2015. Pearson's chi-square test and ttest were conducted to compare between the QT prolongation cases and controls. We performed logistic regression to evaluate the relationships between azithromycin and QT prolongation. A value <0.05 was considered statistically significant. Data management was performed using Microsoft SQL Server (Microsoft Corp), and all statistical analyses were conducted using the SAS software package (ver. 9.4; SAS Institute, Cary, NC, USA). Tables 1 and S3 show baseline characteristics of the QT prolongation and control groups. The total number of case-control subjects was 402,607. Of these subjects, 62,007 (15.4%) and 340,600 (84.60%) belonged to the QT prolongation and control groups, respectively. The proportion of patients using azithromycin within 7 days before the ECG measurement date in the QT prolongation group was higher than that in the control group (0.65% vs. 0.27%), whereas the proportion of subjects using amoxicillin in the QT prolongation group (1.18%) was lower than that in the control group (1.39%). The proportion of QT prolongation was higher for subjects who were male and older and for those with lower potassium and calcium levels. In the analysis of severe QT prolongation, the same trend was observed, but the proportion of QT prolongation was higher in females (Table S4) . 
Results

. . Baseline Patient Characteristics.
. . Comparison of QT Prolongation Risk between Exposure to Azithromycin and Amoxicillin.
. . Other Risk Factors Associated with QT Prolongation.
Higher odds for QT prolongation were associated with being male and older and having cardiovascular diseases, such as myocardial infarction, congestive heart failure, ischemic stroke, and hemorrhagic stroke ( Table 2) . QT prolongation was associated with taking medications within 7 days before the ECG measurement date. These medications included antiarrhythmic drugs, fluoroquinolone antibiotics, macrolide antibiotics, antihistamines, anesthetic/sedative, bronchodilators (beta-agonists), gastrointestinal promotility, gonadotropin-releasing hormone agonists and antagonists, antipsychotics, and vasodilator drugs. By contrast, females showed higher OR for severe QT prolongation (Table 2) . Figure 2 shows the subgroup analysis for association between azithromycin and QT prolongation according to sex, age, and cardiovascular disease. Azithromycin use among males was more likely to be associated with QT prolongation 
. . Risk Factors for QT Prolongation on Azithromycin Exposure.
Discussion
The study findings revealed that the risk of QT prolongation with regard to azithromycin exposure was higher in males and the elderly group (ages 60-79 years). Our findings were consistent with those of previous studies. The relationship between azithromycin and QT prolongation was statistically significant [1, 2] . However, some recently published studies have shown conflicting results with previous findings and suggested that risk is not high in all patients, but only in elderly patients or patients with cardiovascular disease [10, 13] . This trend was also observed in our study. Figure 2 shows that increasing age increased QT risk with azithromycin exposure, and the risk of QT prolongation was relatively higher in patients with ischemic stroke. In other words, our findings are not only consistent with that of a study that suggested the relationship between azithromycin and QT prolongation, but also explain the contradictory results between recent studies and earlier ones.
We also obtained results that are consistent with previous reports on amoxicillin. Amoxicillin has been used for comparison with azithromycin in many studies because it is known to have similar indications to QT prolongation [19] . Previous studies reported that amoxicillin is not associated with QT prolongation or cardiovascular death, and the OR for amoxicillin in this study was 1.06 (95% CI, 0.97-1.15), which supported the lack of association with QT prolongation.
Other covariates known to be associated with QT prolongation mostly showed significant relationship ( Table 2) . For example, exposure to QT prolongation-prone drug (antiarrhythmics, antipsychotics, etc.), myocardial infarction, congestive heart failure, cerebrovascular disease, liver disease, and renal disease were associated with increased risk of QT prolongation. Furthermore, lower serum levels of potassium and calcium were associated with increased risk of QT prolongation, with odds ratios of 0.68 (0.67-0.69) and 0.65 (0.64-0.65), respectively [20, 21] .
The OR for QT prolongation after azithromycin exposure in the entire population was 1. 40 [1.09-1.81]) . However, the risk tended to decrease again from the age of 70 years, and no statistical significance was found again after the age of 80 years.
In this study, the risk of QT prolongation in men was higher (Table 2) . QT length in females is known to be relatively longer than that in males [22] . Therefore, according to the definition of the 2009 American Heart Association/American College of Cardiology Foundation/Heart Rhythm Society recommendations [18] , we defined QT prolongation as QTc>450 ms for males and QTc>460 for females. In other words, the difference in QT length according to sex was already adjusted in the definition of QT prolongation. Another study, which analyzed a general population aged 55 years and older, also classified QT prolongation differentially over sex (QTc>450 for males and QTc>470 for females) [23] . In the study, the proportion of males was higher (57.6% vs. 42.4%) in the QT prolongation group and lower in the normal QT group (35.1% vs. 64.9%), as our results demonstrated. However, the definition of severe QT prolongation was used, and the OR in females was higher. Notably, the OR for severe QT prolongation was higher in females (Table 2) , but in subgroup analysis, male sex seemed to be more affected by azithromycin exposure (Figure 2 ). This study can be used to estimate the minimal incidence of QT prolongation events. QT prolongation was observed in 402 out of 1,305 individuals who were prescribed azithromycin and underwent ECG within 7 days (Table S3) . At least 30.8% of patients had experienced QT prolongation. However, in patients exposed to azithromycin, it is not possible to confirm that the proportion of QT prolongation was higher in those who did not undergo ECG. Moreover, patients with normal ECG findings may have had QT prolongation at another time, because only one ECG result was included in the analysis.
Therefore, it might be helpful to conduct ECG monitoring during azithromycin use, especially in elderly patients, to prevent QT prolongation-related critical events. Nowadays, there are many trials to monitor ECG in patients' daily life [24, 25] . This approach could be useful for people who need regular ECG monitoring.
The significance of this study's findings lies in the quantitative data obtained on assessing the relationship between azithromycin and QT prolongation using large-scale ECG findings. Furthermore, using linked EHR data, we could include and adjust diverse covariates that could have an effect on QT interval such as diseases, drug exposure, and metabolic abnormalities (potassium and calcium). Currently, we have collected all ECG waveforms measured in the intensive care unit [26] . In contrast to ECGs conducted in a general ward, we could gather ECGs of all periods of hospitalization in an intensive care unit. We plan to conduct the same analysis but based on a cohort study design using ECGs gathered from intensive care unit monitoring devices in our future study. However, using those data for analyzing QT interval requires an accurate tool to measure QT interval in real time.
This study has some limitations. First, the ECG measurement itself might not be a general clinical situation. In this study, the reason for ECG measurement was not investigated. Therefore, our finding might not represent the whole population and the results may be biased. This factor should be considered when interpreting the results of this study. Second, ECG measurements were obtained using different machines with different versions of algorithms over 20 years. The hospital used mac 1200, mac 5500, and mac 5500 HD ECG, which were produced by GE Healthcare. The algorithm versions in each machine were different (12SL versions 7, 13, 22) . However, all ECGs were obtained using GE Healthcare ECG machines. Because all of them were approved by the US Food and Drug Administration, the quality of the algorithms might have been controlled well. Third, this study was conducted based on a case-control design. Because the ECG results were not obtained constantly in a general ward and only provided information at the time when ECGs were conducted, a cross-sectional approach was performed.
Conclusion
QT prolongation risk was increased by azithromycin in real-world clinical practice. The clinical implication of our study is that we quantitatively evaluated the risk of QT prolongation induced by azithromycin using EHR data of a tertiary teaching hospital. In particular, higher risk was observed in the elderly group (aged 60 to 80 years). Therefore, caution should be exercised when using azithromycin for elderly patients, or amoxicillin may be a better treatment alternative for them.
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